Introduction
============

Diabetes is one of the major risk factors of cardiovascular disease. Diabetic cardiomyopathy (DCM) is a distinct clinical entity of cardiovascular disease that cannot be explained by coronary atherosclerotic heart disease, hypertensive heart disease and heart disease caused by other factors ([@b1-ijmm-44-03-0927]). The disease is associated with metabolic disorders and microvascular lesions, causing a wide range of necrosis and subclinical cardiac dysfunction. This ultimately promotes the occurrence of heart failure, arrhythmia and cardiogenic shock, and even leads to sudden death in some severe cases.

One of the most important characteristics of DCM is myocardial fibrosis ([@b2-ijmm-44-03-0927]). According to the traditional concept, the myocardial fibrosis is caused by resident cardiac interstitial fibroblasts, simultaneously involving the proinflammatory process and synthesis of extracellular matrix (ECM) ([@b3-ijmm-44-03-0927]). In 1994, Bucala *et al* ([@b4-ijmm-44-03-0927]) found the novel leukocyte subpopulation that expressed COL-I, CD34 and vimentin. As these are obtained from the peripheral blood, they are given the name of circulating fibrocytes.

Circulating fibrocytes are a type of novel and unique cells that are derived from hematopoietic stem cells (HSCs). They are also referred to as \'peripheral blood fibrocytes\', \'bone marrow-derived fibrocytes\' and \'circulating fibroblast precursors\' ([@b5-ijmm-44-03-0927]-[@b7-ijmm-44-03-0927]). These aliases reflect some common features with the circulating fibrocytes, such as their existence in the peripheral blood, compromise of a minor component (\<1%) of peripheral blood mononuclear cells (PBMCs) and are considered as bone marrow-derived precursor cells of fibroblasts, and myofibroblasts. Circulating fibrocytes synthesize a variety of ECM proteins including type I and III collagens, fibronectin, vimentin and growth factors, playing an important role in the process of multiple pathophysiological states. Chun Li *et al* ([@b8-ijmm-44-03-0927]) found that the circulating fibrocytes were recruited from the peripheral blood to the lung through the CXC chemokine receptor 4 (CXCR4)/stromal-derived factor-1 (SDF-1) axis and played an important role in bronchopulmonary dysplasia, which eventually led to pulmonary fibrosis. A recent study showed that the blood concentration of fibrocytes expressing CXCR4 was significantly correlated with Hermansky Pudlak syndrome (HPS), which is a genetic disease caused by interstitial lung disease (ILD). The concentration of CXCR4^+^ in circulating fibrocytes may be used as a new biomarker for the outcome of ILD in patients with HPS ([@b9-ijmm-44-03-0927]). Lin *et al* ([@b10-ijmm-44-03-0927]) found that activation of the CXCR4/SDF-1 axis caused expression of CTGF and promoted cell differentiation, eventually leading to interstitial lung fibrosis. These results suggested that fibrocytes might play a crucial role in organ fibrosis through the CXCR4/SDF-1 axis.

Diabetic patients could develop severe organ fibrosis and so a previous study hypothesized that there may be more circulating fibrocytes in the peripheral blood of diabetic patients ([@b11-ijmm-44-03-0927]). As expected, our previous study ([@b12-ijmm-44-03-0927]) confirmed that the ratio of cells co-expressing cluster of differentiation (CD)45 and COL-I to PBMCs was significantly increased in diabetic patients compared with normal glucose tolerance (NGTs; 1.93±1.01 vs. 0.52±0.35%; P\<0.01) patients. In addition, high glucose promoted the proliferation and the expression of CXCR4 and CTGF of circulating fibrocytes. However, whether high glucose levels regulated the circulating fibrocytes through the CXCR4/SDF-1 axis has not been investigated yet. Therefore, in this study, the effects of high glucose on the function of circulating fibrocytes and its underlying mechanism were explored by investigating i) the effects of high glucose concentration medium on the invasion and migration ability of circulating fibrocytes; ii) the involvement of the CXCR4/SDF-1 axis in the production of ECM COL-I and the fibrogenic factor connective tissue growth factor (CTGF) of circulating fibrocytes, and iii) whether AMD3100, the specific blocker of CXCR4, could relieve the progression of fibrosis. Combined with the authors previous study, it is hoped that the present study will provide a more detailed explanation regarding the effects of high glucose on circulating fibrocytes.

Materials and methods
=====================

Patients
--------

A total of 15 NGT patients (11 males and 4 females) and 15 type 2 diabetes mellitus (T~2~DM) patients (13 males and 2 females) from the department of Cardiology, Zhejiang Hospital (Hangzhou, China) were recruited from June 2016 to June 2017. The patients\' age ranged from 65-75 years old. Inclusion criteria of NGT patients were as follows: The blood glucose levels should be \<7.8 mmol/l after 2 h of oral glucose tolerance test experiment and the T~2~DM patients were confirmed to have type 2 diabetes according to the 1999 WHO diagnostic criteria for diabetes. The exclusion criteria of the patients were as follows: Patients i) with severe heart and kidney dysfunction, such as myocardial infarction (MI), hypertrophic cardiomyopathy; ii) with severe pulmonary infection, chronic obstructive pulmonary disease and interstitial disease; iii) with severe trauma and burns; iv) with stage 2 and 3 hypertension; v) with malignant tumors; vi) taking hormonal drugs recently; vii) with coagulopathy; and viii) with connective tissue diseases. According to the previous literature reports ([@b13-ijmm-44-03-0927]-[@b15-ijmm-44-03-0927]), these diseases might be associated with an increase in the number of circulating fibrocytes. The present study was approved by the Zhejiang Hospital Ethics Committee and all subjects signed the informed consent form.

Isolation and cultivation of circulating fibrocytes
---------------------------------------------------

A total of 25 ml of peripheral blood from NGT patients and 5 ml from T~2~DM patients were obtained and mixed with 1.6% heparinized normal saline solution. Density gradient centrifugation was performed to obtain the PBMC layer ([@b16-ijmm-44-03-0927]). The cell sediment was washed twice with 5 ml PBS at 500 × g for 10 min at 20°C (Genom Biotechnology). The cells were resuspended in 25 mmol/l glucose DMEM containing (Thermo Fisher Scientific, Inc.) 20% fetal bovine serum (FBS; Thermo Fisher Scientific, Inc.), penicillin (100 U/ml; Genom Biotechnology) and streptomycin (100 *µ*g/ml; Genom Biotechnology). After that, the cells at a density of 1×10^6^/ml were seeded into 6-well plates and placed in a humidified incubator at 37°C in 5% CO~2~. The medium was changed every 3 days and the non-adherent cells were removed, and the adherent cells were obtained after cultivation for 14 days. The morphological characteristics of the cells were observed under an inverted phase contrast microscope.

Identification of circulating fibrocytes by immunofluorescence
--------------------------------------------------------------

COL-I and CD45 are considered as biomarkers to identify the circulating fibrocytes as mentioned before. The adherent cells were digested with Accutase solution (Yeasen). After washing twice (450 × g, 10 min, 20°C), the cells were resuspended with high glucose (25 mmol/l) DMEM containing 20% FBS. After counting, the cells were diluted to 8×10^4^/ml and placed on coverslips (JingAn Biological) in 24-well plates. After 24 h, the cells were washed twice and fixed with 4% paraformaldehyde at 20°C for 15 min. Then, 200 *µ*l fixation and permeabilization solution was added in each well and the coverslips were incubated at 4°C for 20 min. The cells were washed with 1X wash buffer twice and then 100 *µ*l FBS was added for 30 min at 4°C. The primary antibody, mouse anti-human CD45 (1:100; Ancell; cat. no. 196-030) and rabbit anti-human COL-I (1:500; Rockland Immunochemicals, Inc.; cat. no. 600-401-103S) were added to the cells and then the coverslips were incubated overnight at 4°C. After washing twice, the cells were incubated with Alexa Fluor 488 labeled goat anti-mouse immunoglobulin (Ig) G (1:200; Yeasen; cat. no. 33206ES60) and Alexa Fluor 594 labeled goat anti-rabbit IgG secondary antibody (1:200; Yeasen; cat. no. 33112ES60) for 30 min at 4°C. After washing twice, DAPI (Abcam) was added and incubated for 5 min at 4°C, washed with PBST (0.1% tween 20) twice and then observed under a confocal microscope.

Measurement of proliferation of circulating fibrocytes by Cell Counting Kit (CCK)-8
-----------------------------------------------------------------------------------

After 14 days of culture, the circulating fibrocytes obtained from the NGT group were digested by Accutase solution, diluted to 4×10^4^/ml and seeded in 96-well plates. After 24 h incubation, the cells were synchronized with minimum Eagle\'s medium (MEM; 5.5 mmol/l glucose; Gibco; Thermo Fisher Scientific, Inc.) for 24 h. After that, 100 *µ*l of 5.5 mmol/l glucose DMEM, 5.5 mmol/l glucose+100 *µ*mol/l AMD3100 DMEM (MedChem Express) 30 mmol/l glucose DMEM and 30 mmol/l glucose+100 *µ*mol/l AMD3100 DMEM, respectively were added. After 24, 48 and 72 h incubation, the intervention solution was aspirated and stored at −80°C for subsequent experiments. A total of 100 *µ*l MEM containing 10% CCK-8 (7sea biotech) was added to each well and continued to culture for 1 h for measuring the absorbance at 450 nm using a microplate reader (Thermo Fisher Scientific, Inc.).

Measurement of cell apoptosis by Hoechst33258 staining
------------------------------------------------------

The circulating fibrocytes from NGT patients were diluted to 5×10^4^/ml and then seeded in 24-well plates. After 24 h incubation, the fibrocytes were synchronized with MEM for 24 h. Then cells were treated with 5.5 mmol/l DMEM, 30 mmol/l DMEM and 5.5 mmol/l DMEM +200 *µ*mol/l H~2~O~2~ (as positive control group) for 48 h. After treatment with different concentrations of DMEM, cells were fixed with 4% paraformaldehyde at 20°C for 15 min. After that, 0.5 *µ*g/ml Hoechst33258 (R&D Systems, Inc.) was added for 15 min in the dark. Synchronized cells without any DMEM interventions were stained at 20°C for 15 min with 0.5 *µ*g/ml Hoechst33258 and served as a negative control. Finally, the morphology and brightness of the nucleus of circulating fibrocytes were observed under confocal microscopy (Leica Microsystems GmbH). The excitation wavelength was 550 nm.

Detection of COL-I expression of fibrocytes by flow cytometry
-------------------------------------------------------------

After 7 days of cultivation, the fibrocytes of NGT patients were diluted to 6×10^4^/ml and synchronized with MEM for 24 h. After synchronization, 1 ml of 5.5 mmol/l DMEM, 5.5 mmol/l DMEM+100 *µ*mol AMD3100, 30 mmol/l DMEM and 30 mmol/l of DMEM+ 100 *µ*mol AMD3100 were added, respectively. After 48 h, the fibrocytes were digested by Accutase solution. All the cells were collected after centrifugation (450 × g for 10 min at 20°C) and then were treated with cytofix/cytoperm solution (Abcam) for 20 min, followed by the addition of 100 *µ*l FBS for 30 min at 4°C. The primary antibody, rabbit anti-human COL-I (1:2,000; Abcam; cat. no. ab6577) was applied to the cells and incubated at 4°C overnight. Then the goat anti-rabbit fluorescein isothiocyanate-IgG (1:1,000; Abcam; cat. no. ab6717) was added for 20 min in the dark. After staining, the expression of COL-I was detected by Cytomics™ FC 500 and the non-stained cells were used as isotype controls. The results were analyzed using Flowjo software (Tree Star, Inc.; version 7.6.1).

Invasion and chemotaxis assay of fibrocytes
-------------------------------------------

After 14 days of cultivation, the fibrocytes of NGTs were diluted to 8×10^4^/ml and synchronized with MEM for 24 h. After that, the fibrocytes were treated with 5.5 and 30 mmol/l of DMEM, respectively for 48 h. A Transwell chamber with an 8 *µ*m pore PET membrane (Corning Inc.) was used for evaluating the invasion and chemotaxis of fibrocytes. Matrigel was diluted with serum-free MEM (1:8), coated on the upper chamber of the bottom membrane of the Transwell chamber and then placed at 37°C for 30 min for solidification. Stimulated fibrocytes were digested by Accutase solution, diluted with serum-free MEM to 5×10^4^/ml and seeded onto the upper chambers (150 *µ*l per well). The lower chambers were filled with different concentrations of 25 mmol/l glucose DMEM containing 20% FBS \[25 mmol/l glucose DMEM, 25 mmol/l glucose DMEM+50 *µ*mol/l SDF-1 (R&D Systems, Inc.), 25 mmol/l glucose DMEM+100 *µ*mol/l AMD3100 and 25 mmol/l glucose DMEM+50 *µ*mol/l and SDF-1+100 *µ*mol/l AMD3100\]. The whole culture system was placed into a humidified incubator with 5% CO~2~. After 48 h, the matrigel was removed. The cells were fixed with 4% paraformaldehyde for 15 min at 20°C and then stained with 1% crystal violet solution for 10 min at 20°C (Yantuo Shanghai Trade, Co., Ltd.). Finally, the cells were observed under inverted phase contrast microscope and the total cell number of five non-overlapping fields was counted.

Measurement of SDF-1 secretion by ELISA
---------------------------------------

A 5.5 mmol/l supernatant and 30 mmol/l glucose DMEM were obtained as described in the above section. The DMEM was centrifuged at 10,000 × g for 10 min at 4°C. The content of SDF-1 in the supernatants was quantified using a commercial SDF-1 ELISA kit (PeproTech, Inc.; cat. no. 900-K92) according to the manufacturer\'s protocol. The detection limitation was 100 pg/ml.

Measurement of CTGF by western blotting
---------------------------------------

The identified circulating fibrocytes of NGT patients were diluted to 8×10^4^/ml. The cells were seeded into 6-well plates. After 24 h of synchronization, each well was added with 5.5 mmol/l glucose DMEM, 5.5 mmol/l glucose DMEM+100 *µ*mol/l AMD3100, 30 mmol/l glucose DMEM and 30 mmol/l+100 *µ*mol/l AMD3100 1 ml, respectively for 48 h. Total protein was extracted after intervention and the protein concentration was determined by the bicinchoninic acid method. A total of 20 *µ*g of each sample was taken for electrophoresis and then transferred onto the polyvinylidene difluoride (PVDF) membrane. The PVDF membranes were incubated with 5% milk in TBST (0.1% tween 20) buffer for 1 h at 20°C. Specific primary antibody \[1:1,000; rabbit anti-human CTGF IgG (Abcam; cat. no. ab227180) and mouse anti-human β-actin IgG (Abcam; cat. no. ab6276)\] were added and then the membranes were incubated with 1:5,000 diluted goat anti-mouse (Abcam; cat. no. ab205719) and goat anti-rabbit (Abcam; cat. no. ab205718) horseradish peroxidase labeled secondary antibodies for 1 h at 20°C. Finally, 300 *µ*l ECL operating fluid (Abcam) was added per band. Quantitative data were obtained with the ChemiDoc XRS gel imaging system and gray values were analyzed using Image J software (National Institutes of Health; version 1.8.0).

Statistical analysis
--------------------

Data was analyzed by SPSS 19.0 software (IBM Corp.) and the results were expressed as the mean ± standard deviation. Comparison between groups (\>2) was performed using one-way analysis of variance (ANOVA) and the between pair differences were performed using least significant difference test. Prior to one-way ANOVA, the normality was confirmed using the Shapiro-Wilk test (P\>0.05) and the homogeneity of variances using the F test (P\>0.05). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Basic patient information
-------------------------

The clinical information of all included subjects was collected and the important sections are presented in [Table I](#tI-ijmm-44-03-0927){ref-type="table"}. The results showed no differences in age between the NGT group and the T~2~DM group (P\>0.05), but showed statistically significant differences between the two groups in the parameters of fasting blood glucose, body mass index and hemoglobin A1c (P\<0.05).

Identification of human circulation fibrocytes
----------------------------------------------

According to the previous studies, CD45^+^COL-I^+^ or CD34^+^COL-I^+^ was regarded as the gold standard to identify human circulating fibrocytes ([@b4-ijmm-44-03-0927],[@b8-ijmm-44-03-0927],[@b9-ijmm-44-03-0927]). Immunofluorescence technique was used to examine whether the cultured-adherent cells were the target objects. The dyed cells were observed by Olympus FV3000 confocal microscope after immunofluorescence staining. As described in our previous study ([@b12-ijmm-44-03-0927]), after 14 days of cultivation, both CD45 (green fluorescence) and COL-I (red fluorescence) showed significant expression in the authors previous research. In addition, there were more spindle-shaped fibrocytes in T~2~DM patients compared with NGT patients. However, after 21 days, the fibrocytes showed only COL-I expression and CD45 expression was hardly observed ([Fig. 1A and B](#f1-ijmm-44-03-0927){ref-type="fig"}). The results were consistent with the differentiation process of circulating fibrocytes as reported in the literatures ([@b17-ijmm-44-03-0927],[@b18-ijmm-44-03-0927]). As is known, the expression of hematopoietic surface antigens, like CD34 and CD45, are decreased during the differentiation process of circulating fibrocytes, and at the same time, the secretion of ECM proteins, like COL-I are increased. Finally, the appearance of α-smooth muscle actin (sma) indicated that the circulating fibrocytes were completely differentiated into myofibroblasts ([@b5-ijmm-44-03-0927]).

AMD3100 had no effect on high glucose induced proliferation of circulating fibrocytes
-------------------------------------------------------------------------------------

The proliferation of circulating fibrocytes after treatment with different glucose concentrations of DMEM (5.5, 25 and 30 mmol/l glucose DMEM and 5.5 mmol/l glucose+30 mmol/l mannitol) stimulation was detected by CCK-8 reagent as done in the our earlier study ([@b12-ijmm-44-03-0927]). As is known, the osmotic pressure of the culture media had an effect on the growth and proliferation of the cells ([@b19-ijmm-44-03-0927],[@b20-ijmm-44-03-0927]). The osmotic pressure of 5.5 mmol/l glucose DMEM was different from that of 30 mmol/l glucose DMEM. Therefore, in the our previous experiment ([@b12-ijmm-44-03-0927]), the 5.5 mmol/l glucose +30 mmol/l mannitol group was added as a negative control group to exclude the influence of osmotic pressure to cell proliferation. In fact, there are a number of similar experiments for measuring cell proliferation that choose mannitol as a negative control ([@b21-ijmm-44-03-0927],[@b22-ijmm-44-03-0927]). The results showed that the number of cells was proportional to the value of absorbance. As expected, the proliferation of circulating fibrocytes showed a significant concentration-time correlation. Furthermore, when stimulated with 30 mmol/l glucose DMEM for 48 h, the number of fibrocytes reached the maximum value. Mannitol intervention did not promote the proliferation of fibrocytes when compared with the 5.5 mmol/l glucose group ([@b12-ijmm-44-03-0927]).

Existing data demonstrated that CXCR4/SDF-1 axis plays a key role in tumor cells proliferation. Marchesi *et al* ([@b23-ijmm-44-03-0927]) found that human pancreatic tumor cells showed higher expression levels of CXCR4 compared with normal and AMD3100 partially inhibited the proliferation of tumor cells. Therefore, it was hypothesized that high glucose stimulated cell proliferation through the CXCR4/SDF-1 axis. Whether AMD3100 could inhibit the proliferation of circulating fibrocytes was then investigated. The absorbance of 5.5 mmol/l glucose DMEM at 24 h was regarded as \'1\', the proliferation fold-change of 5.5 mmol/l glucose+100 *µ*mol/l AMD3100 DMEM group, 30 mmol/l glucose DMEM group and 30 mmol/l glucose+100 *µ*mol/l AMD3100 DMEM group at 24 h were 1.09±0.18 (P\>0.05), 1.72±0.22 (P\<0.01) and 1.72±0.23 (P\<0.01) respectively. However, there were no statistical differences between 5.5 mmol/l glucose DMEM group and 5.5 mmol/l glucose+100 *µ*mol/l AMD3100 DMEM group (P\>0.05) or 30 mmol/l glucose DMEM group and 30 mmol/l glucose+100 *µ*mol/l AMD3100 DMEM group (P\>0.05). The absorbance of 5.5 mmol/l glucose DMEM at 48 h was regarded as \'1\' and the proliferation fold-change of sequential intervention groups at 48 h were 0.97±0.10 (P\>0.05), 2.26±0.23 (P\<0.01) and 2.32±0.50 (P\<0.01), respectively. The absorbance of 5.5 mmol/l glucose DMEM at 72 h was regarded as \'1\' and the proliferation fold-change of sequential intervention groups at 72 h were 1.08±0.24 (P\>0.05), 1.70±0.58 (P\<0.01) and 1.55±0.43 (P\<0.01), respectively. Similarly, AMD3100 showed no effect on the proliferation of circulating fibrocytes at 48 and 72 h. At the same time, although the fold-change was slightly different from the authors\' study, the proliferation of cells reached peak at 48 h (P\<0.05). The results confirmed that high glucose DMEM promoted the proliferation of circulating fibrocytes. However, AMD3100 showed no effects on the proliferation of circulating fibrocytes ([Fig. 2](#f2-ijmm-44-03-0927){ref-type="fig"}).

High glucose had no effect on the apoptosis of circulating fibrocytes
---------------------------------------------------------------------

The effects of glucose concentration on apoptosis of circulating fibrocytes was further studied. In order to make the results more convincing, a negative control group and a H~2~O~2~ induced positive control group were established. Due to damage of the nuclear envelope occurring at early apoptosis, Hoechst 33258 bound to nucleic acid. The nucleus of the circulating fibrocytes of the positive control group therefore showed a bright blue color after staining ([Fig. 3A](#f3-ijmm-44-03-0927){ref-type="fig"}). The results of Hoechst33258 staining showed no statistically significant difference in the apoptotic rate between 5.5 mmol/l glucose group and 30 mmol/l glucose group (7.33±1.61 vs. 7.08±2.05%; P\>0.05, [Fig. 3B](#f3-ijmm-44-03-0927){ref-type="fig"}).

AMD3100 inhibits high glucose induced promotion of COL-I expression on circulating fibrocytes
---------------------------------------------------------------------------------------------

Deposition of ECM proteins are one of the most important features of organ fibrosis. Rodríguez-Nieves *et al* ([@b24-ijmm-44-03-0927]) found that the CXCR4/SDF-1 axis mediated myofibroblast phenoconversion and promoted the expression of α-sma and COL-I via non-canonical epithelial growth factor receptor/dual specificity mitogen-activated protein kinase kinase 1/extracellular signal-regulated kinase (ERK) signaling. Therefore, whether glucose concentration affected the expression of COL-I was investigated. The results showed that 30 mmol/l glucose DMEM significantly promoted the expression of COL-I compared with 5.5 mmol/l group (88.26±6.40 vs. 69.57±7.79%; P\<0.01). In addition, AMD3100 could significantly inhibit the promotion of COL-I expression caused by high glucose DMEM (88.26±6.40 vs. 80.43±4.42%; P\<0.05). These results demonstrated that high glucose DMEM may stimulate the expression of COL-I via the CXCR4/SDF-1 axis ([Fig. 4B-F](#f4-ijmm-44-03-0927){ref-type="fig"}).

AMD3100 inhibits high glucose induced promotion of CTGF on circulating fibrocytes
---------------------------------------------------------------------------------

CTGF belonged to a new class of cysteine-rich growth factor family and promoted cell proliferation, migration and differentiation ([@b25-ijmm-44-03-0927],[@b26-ijmm-44-03-0927]). Recently, several studies have shown a close relationship between CTGF and organ fibrosis: Wang *et al* ([@b27-ijmm-44-03-0927]) found that miR-30c played an important role in the initiation and progression of diabetic nephropathy by targeting CTGF. A further study revealed that Rapamycin upregulated the expression of CTGF in hepatic progenitor cells via TGF-β-Smad2 dependent signaling, which serves a critical role in liver fibrosis ([@b28-ijmm-44-03-0927]). Guan and Zhou ([@b29-ijmm-44-03-0927]) revealed that the knockdown of FZD7 inhibited the TGF-β1-induced expression of α-SMA, collagen I, fibronectin and CTGF. Our previous study ([@b12-ijmm-44-03-0927]) confirmed that the expressions of CXCR4 and CTGF were concentration dependent after treatment with different glucose concentrations of DMEM when compared with the 5.5 mmol/l glucose DMEM group.

To further explore whether the CXCR4/SDF-1 axis was involved in the fibrotic process caused by high glucose DMEM, AMD3100 was used to block the CXCR4/SDF-1 axis. The expression of CTGF of 5.5 mmol/l glucose DMEM group was regarded as \'1\'. After intervention for 48 h, the expression of CTGF was decreased significantly by 30 mmol/l glucose+100 *µ*mol/l AMD3100 DMEM compared with 30 mmol/l glucose DEMM group (1.75±0.27 vs. 1.01±0.19; P\<0.01), while showed no significant difference between 5.5 mmol/l glucose group and 5.5 mmol/l glucose+100 *µ*mol/l AMD3100 DMEM group (1±0.21 vs. 0.86±0.22, P\>0.05; [Fig. 5](#f5-ijmm-44-03-0927){ref-type="fig"}). These results demonstrated that AMD3100 could significantly inhibit the expression of CTGF.

High glucose promotes transfer and invasive ability of circulating fibrocytes
-----------------------------------------------------------------------------

To explore the effects of high glucose on the invasive and transfer abilities of circulating fibrocytes, a cell chemotaxis assay was performed. As some cells pass through the membrane and are adsorbed on the lower chamber, the total number of cells was defined as the number of cells on the basement membrane plus the number of cells in the lower chamber ([Fig. 6A and B](#f6-ijmm-44-03-0927){ref-type="fig"}). As expected, 30 mmol/l glucose DMEM significantly promoted the invasive ability of cells \[72.8±16.42 vs. 13.2±5.35 (P\<0.01)\], compared with 5.5 mmol/l glucose DMEM group. Also, 30 mmol/l glucose DMEM+SDF-1 group significantly increased the number of transmembrane fibrocytes \[254.8±34.2 vs. 72.4±16.42 (P\<0.01)\] compared with 30 mmol/l glucose DMEM group. This promotion could also be blocked by AMD3100 (134.6±17.78 vs. 254.8±34.52; [Fig. 6C](#f6-ijmm-44-03-0927){ref-type="fig"}). Similar results were obtained in 5.5 mmol/l glucose groups (data not shown). On the other hand, the number of cells affected by chemokines to migrate through membrane was defined as the total number of 5.5/30 mmol/l glucose+SDF-1 DMEM group minus 5.5/30 mmol/l glucose DMEM group. The results revealed that high glucose significantly promoted the migration of fibrocytes \[181.4±36.26 vs. 30.6±11.64 (P\<0.01; [Fig. 6D](#f6-ijmm-44-03-0927){ref-type="fig"})\].

High glucose DMEM had no effect on the secretion of SDF-1
---------------------------------------------------------

The effects of glucose concentration on the secretion of SDF-1 of circulating fibrocytes at different time points (24, 48 and 72 h) were further explored. The results showed no significant differences between 5.5 mmol/l glucose group and 30 mmol/l glucose group at any time point (24 h: 186.02±59.05 pg/ml vs. 209.36±71.42 pg/ml; P\>0.05; 48 h: 502.98±106.1 pg/ml vs. 503.46±205.82 pg/ml; P\>0.05; 72 h: 193.80±92.30 pg/ml vs. 186.20±74.87 pg/ml; P\>0.05). However, the secretion of SDF-1 reached peak at 48 h when compared with 24 and 72 h (P\<0.01; [Fig. 7](#f7-ijmm-44-03-0927){ref-type="fig"}).

Discussion
==========

The present study demonstrated that high glucose *in vitro* stimulated the proliferation, invasive and transfer abilities of circulating fibrocytes and promoted the expression of ECM proteins including COL-I and CTGF. Moreover, AMD3100, the specific antagonist of CXCR4, could reduce a part of the changes caused by high glucose. These results suggested that circulating fibrocytes might be an important factor that leads to organs fibrosis in patients with diabetic cardiomyopathy via the CXCR4/SDF-1 axis. The present study may provide a different direction for understanding diabetes-caused fibrosis.

As described previously, the circulating fibrocytes derived from the bone marrow, differentiated from CD14^+^ monocytes and existed in the peripheral blood circulation, were considered as precursors of myofibroblasts ([@b30-ijmm-44-03-0927]). Previously, the double-positive expression of CD34 and COL-I or CD45 and COL-I was regarded as the accepted standard to identify circulating fibrocytes in the laboratory ([@b5-ijmm-44-03-0927],[@b30-ijmm-44-03-0927]). CD34 was selectively expressed on the surface of HSCs, reflecting that the fibrocytes are a type of bone marrow-derived cells. CD45 was the common surface antigen of leukocytes and the expression of both antigens (CD34 and CD45) were decreased during the differentiation process of circulating fibrocytes ([@b31-ijmm-44-03-0927],[@b32-ijmm-44-03-0927]). COL-I, the product of mesenchymal cells, is considered to be an important component of ECM and showed increased expression during cell differentiation. In the present study it was demonstrated that after 14 days of culture, the adherent cells expressed CD45 (green) and COL-I (red). After 21 days, the adherent cells only expressed COL-I, while the fluorescence of CD45 was hardly observed. In addition, as the culture time prolongs, the proportion of spindle-shape cells increasing in our pervious study. This was consistent with the results reported in the current literature ([@b5-ijmm-44-03-0927]). The results demonstrated that the obtained cells were indeed the circulating fibrocytes.

Beale *et al* ([@b33-ijmm-44-03-0927]) suggested that circulating fibrocytes served an important role in myocardial fibrosis by revealing that CD34, CD45 and collagen I expressed fibrocytes were increased in patients with ischemia-reperfusion induced myocardial fibrosis and post-MI scar formation. In addition, the secretion of collagen such as laminin was also significantly increased. Similarly, circulating fibrocytes were involved in the myocardial tissue of Mst-1 transgenic mice model of dilated cardiomyopathy and angiotensin II-induced cardiac hypertrophy model ([@b34-ijmm-44-03-0927]). Keeley *et al* ([@b14-ijmm-44-03-0927]) found that in patients with hypertensive heart disease, the total number of circulating fibrocytes in peripheral blood were significantly increased and showed a positive correlation with left ventricular mass index.

Further studies confirmed that diabetes can cause myocardial fibrosis and heart failure ([@b35-ijmm-44-03-0927],[@b36-ijmm-44-03-0927]). However, it is still not clear whether there was any relationship between diabetes, circulating fibrocytes and myocardial fibrosis. Previous flow cytometry experiments showed that the proportion of cells that co-express CD45 and COL-I in PBMCs of diabetic patients was increased compared with NGT patients (1.93±1.01 vs. 0.52±0.35%) ([@b12-ijmm-44-03-0927]). Furthermore, *in vitro* experiments showed that high glucose DMEM stimulated the proliferation of circulating fibrocytes in a concentration-time dependent manner. When stimulated by 30 mmol/l glucose DMEM for 48 h, the cell proliferation reached its peak ([@b12-ijmm-44-03-0927]). In addition, high glucose did not affect the apoptosis of circulating fibrocytes. Finally, high glucose increased the number of fibrocytes. These findings demonstrated that the increased circulating fibrocytes was probably the first step in organ fibrosis.

Current studies discovered that the effects of AMD3100 on cell proliferation are considered to be a double-edged sword. It could promote the proliferation of Ewing sarcoma cell lines *in vitro* ([@b37-ijmm-44-03-0927]), but also inhibited cancer cell growth and invasion ([@b38-ijmm-44-03-0927],[@b39-ijmm-44-03-0927]). AMD3100 showed no effect on cell proliferation in the present experiment. It was hypothesized that the CXCR4/SDF-1 axis may not have any effect on the proliferation and apoptosis of circulating fibrocytes. However more evidence is still warranted to confirm these results.

Several studies showed that circulating fibrocytes could secrete a variety of cytokines, including CCR3, CCR5, CCR7 ([@b40-ijmm-44-03-0927]-[@b42-ijmm-44-03-0927]). SDF-1, also known as chemokine 12 (CXCL12), is a member of secreted CXC chemotactic protein super-family and a specific ligand for CXCR4. The SDF-1/CXCR4 axis played an important role in lymphatic homing, tumor metastasis and embryonic development ([@b43-ijmm-44-03-0927]-[@b45-ijmm-44-03-0927]). CTGF, a member of the growth factor family, played an important role in cell proliferation, differentiation and migration, leading to fibrosis in multiple diseases, and hence is considered as one of the indicators of fibrosis. Previously, numerous studies have confirmed that SDF-1/CXCR4 axis promoted the expression of CTGF, eventually accelerating the process of fibrosis ([@b10-ijmm-44-03-0927],[@b46-ijmm-44-03-0927]). Lin *et al* ([@b10-ijmm-44-03-0927]) found that CTGF expression induced by CXCL12 showed a significant increase in patients with pulmonary fibrosis. Song *et al* ([@b46-ijmm-44-03-0927]) reported that AMD3100 could reduce bleomycin-induced lung fibrosis in mice, directly illustrating the role of CXCR4/SDF-1 axis in pulmonary fibrosis. The authors\' previous western blotting results showed that the expressions of CXCR4 and CTGF in circulating fibrocytes were promoted by high glucose DMEM after 48 h intervention in a concentration dependent manner. To further explore whether the CXCR4/SDF-1 axis was the upstream signal of CTGF, AMD3100 was used to investigate the role of the CXCR4/SDF-1 axis in the expression of CTGF. As demonstrated, compared with the 30 mmol/l glucose DMEM group, the expression of CTGF was inhibited in the 30 mmol/l glucose+AMD3100 DMEM group. The results indicated that CTGF could be the downstream effector molecule of the CXCR4/SDF-1 axis. Furthermore, another important feature of fibrosis process was the deposition of ECM components, like COL-I, COL-III and so on ([@b47-ijmm-44-03-0927]). As shown by flow cytometry results, high glucose DMEM promoted the rate of cell expression of COL-I. Meanwhile, the application of AMD3100 inhibited the production of COL-I caused by high glucose. In conclusion, CXCR4/SDF-1 axis may be involved in the deposition of ECM proteins and played an indispensable role in the process of fibrosis.

Invasion and migration of cells to specific parts were prerequisites for numerous fibrotic pathophysiological processes ([@b48-ijmm-44-03-0927]-[@b50-ijmm-44-03-0927]). Whether high glucose could affect the invasion and migration abilities of fibrocytes was explored by Transwell assay. As expected, the total number of trans-membrane cells was increased in the 30 mmol/l glucose group compared with the 5.5 mmol/l glucose group. These results may be associated with increased expression of matrix metalloproteinases (MMPs) and for the ability of circulating fibrocytes to secrete MMPs, including MMP2, MMP5 and MMP9. These results have been confirmed by several studies ([@b51-ijmm-44-03-0927],[@b52-ijmm-44-03-0927]); however, it still needed further experiments, like gelatin zymography, for verification. Compared with the 30 mmol/l glucose group, the total number of transmembrane cells was increased in the 30 mmol/l gluose+SDF-1 group. Similar results were obtained in the 5.5 mmol/l glucose DMEM group (data not shown). Furthermore, compared with 5.5 mmol/l glucose+SDF-1 group, the transfer ability of 30 mmol/l glucose+SDF-1 group was improved. Meanwhile, AMD3100 treatment partially decreased the number of trans-membrane cells. Combined with the results from western blotting as described in the authors\' previous experiments ([@b12-ijmm-44-03-0927]), high glucose may affect cell migration by regulating the expression of CXCR4. These results indicated that CXCR4/SDF-1 axis may play an important role in the migration of fibrocytes.

Interestingly, there were no significant differences in SDF-1 secretion between 30 mmol/l glucose group and 30 mmol/l glucose+100 *µ*mmol/l AMD3100 group. In addition, AMD3100 did not completely inhibit the migration promoted by SDF-1. This might be due to the fact that the CXCR4/SDF-1 axis is not the only way to induce the transfer of fibrocytes. Numerous studies have suggested that other signaling pathways, such as the CX3CL1/CX3CR1 axis and CCL2/CCR2, may also participate in the migration of fibrocytes ([@b41-ijmm-44-03-0927],[@b53-ijmm-44-03-0927]). Blocking the CXCR4/SDF-1 axis may not be able to prevent the migration of circulating fibrocytes completely.

Studies have reported that SDF-1 is significantly elevated in the serum of patients with diabetes ([@b54-ijmm-44-03-0927],[@b55-ijmm-44-03-0927]). Circulating fibrocytes showed autocrine signaling of SDF-1, which in turn may also affect the results of migration experiments. However, there was no significant difference between 5.5 mmol/l glucose and 30 mmol/l glucose groups and demonstrated that high glucose may not have an effect on the secretion of SDF-1. Interestingly, the secretion of SDF-1 reached peak at 48 h, which was similar to the result of CCK-8 assay in our pervious experiment ([@b12-ijmm-44-03-0927]). The authors of the present study suspected that the nutrient content of the culture fluid and the density of the inoculated cells together may affect the results of the experiment, but further investigations were required.

The effects of high glucose on the pathophysiological role of circulating fibrocytes *in vitro* were explored. Nevertheless, the present study had some limitations. Firstly, although the cells cultured for 14 days were identified by immunofluorescence, the purity of the obtained cells was not verified further. The purity of cells may have certain effects on the results of the experiment. Secondly, the present study on the mechanism of the CXCR4/SDF-1 was not in-depth. Although a series of appearances of cell changes caused by high glucose and applied AMD3100, the specific inhibitor of CXCR4, which proved that CXCR4/SDF-1 did play a role in certain pathophysiology process from the other aspect was elaborated on, what signal path the CXCR4/SDF-1 axis regulates these functions through was not further clarified. In addition a certain amount of literature about the CXCR4/SDF-1 axis was consulted. Lin *et al* ([@b10-ijmm-44-03-0927]) found that CXCL12 could induced the expression of CTGF of human lung fibroblasts according the Rac1/ERK, JNK and AP-1 pathways. Kajiyama *et al* ([@b56-ijmm-44-03-0927]) found that expression of dipeptidyl peptidase IV (DPPIV) and CXCR4 increased on human peritoneal mesothelial cells (HPMCs) by transforming growth factor (TGF)-β1 treatment, TGF-β1, DPPIV and the CXCR4/SDF-1 axis played crucial roles in regulating the migratory potential of HPMCs. In brief, the CXC4/SDF-1 axis participated in numerous pathophysiological processes. These existing studies provided a good starting point. Due to a number of different reasons, like funds and time, the present study had to stop here. The authors hope to do more in-depth research in this area in the future.

In conclusion, the present study demonstrated that high glucose DMEM stimulated the proliferation, invasion and migration of circulating fibrocytes, promoted the expression of ECM proteins including COL-I and CTGF. Application of specific blockers of CXCR4/SDF-1 axis may help in reducing the ability of fibrosis and providing a therapeutic strategy for the treatment of diabetic fibrosis in the future.
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![Identification of cultured fibrocytes (magnification, 400). (A) NGTs\' PBMCs after 21 days\' culture. The cultured cells only expressed COL-I (red) obviously. (B) Diabetic PBMCs after 21 days\' culture. The cultured cells only expressed COL-I (red) obviously. Compared with the NGT group, there were more spindle-like cells in diabetic circulating fibrocytes. PMBC, peripheral blood mononuclear cells; NGT, normal glucose tolerance.](IJMM-44-03-0927-g00){#f1-ijmm-44-03-0927}

![Effect of high glucose DMEM and AMD3100 to the proliferation of circulating fibrocytes. Effect of AMD3100 (the specific inhibitor of CXCR4) on the proliferation of circulating fibrocytes stimulated by high glucose DMEM. Optical density of 5.5 mmol/l glucose DMEM in each time point (24, 48 and 72 h) as the control group, 30 mmol/l glucose vs. 30 mmol/l glucose+AMD3100 in each time point (24, 48 and 72 h). ^\*^P\<0.05 and ^\*\*^P\<0.01. DMEM, Dulbecco\'s modified Eagle\'s medium.](IJMM-44-03-0927-g01){#f2-ijmm-44-03-0927}

![Effect of high glucose DMEM on the apoptosis of circulating fibrocytes (magnification, 400). (A) Representative results of Hoechst33258 staining after treated with different glucose DMEM; the nucleus of early apoptotic cells showing a bright blue (red arrows). (B) Proportion of early apoptotic cells in each group; vs. 5.5 mmol/l. Ns, not significant; DMEM, Dulbecco\'s modified Eagle\'s medium.](IJMM-44-03-0927-g02){#f3-ijmm-44-03-0927}

![Effect of high glucose Dulbecco\'s modified Eagle\'s medium and AMD3100 on the expression of COL-I in circulating fibrocytes. (A) Negative isotype control without staining. (B) 5.5 mmol/l glucose. (C) 5.5 mmol/l glucose+AMD3100. (D) 30 mmol/l glucose. (E) 30 mmol/l glucose+AMD3100. (F) Statistical chart of COL-I expressing fibrocytes in each group. ^\*^P\<0.05 and ^\*\*^P\<0.01. FITC, fluorescein isothiocyanate; Ig, immunoglobulin.](IJMM-44-03-0927-g03){#f4-ijmm-44-03-0927}

![Effects of different glucose concentration DMEM and AMD3100 on the expression of CXCR4 and CTGF of circulating fibrocytes. Effect of AMD3100 on the expression of CTGF in circulating fibrocytes after different glucose DMEM intervention. ^\*\*^P\<0.01 vs. 5.5 mmol/l DMEM. DMEM, Dulbecco\'s modified Eagle\'s medium; CTGF, connective tissue growth factor.](IJMM-44-03-0927-g04){#f5-ijmm-44-03-0927}

![Effect of high glucose and AMD3100 on migration and invasion ability of circulating fibrocytes. (A) Number of cells in the bottom of the polycarbonate membrane after intervention with different glucose concentration DMEM. (B) Number of adherent cells through the polycarbonate membrane after intervention with different glucose concentration DMEM. (C) Statistical diagram of total cell number after intervention with different glucose concentration DMEM (total cell number=cells in the bottom of the polycarbonate membrane + adherent cells through the polycarbonate membrane); 30 mmol/l glucose vs. 5.5 mmol/l glucose, 30 mmol/l glucose vs. 30 mmol/l glucose+SDF-1, 30 mmol/l glucose+SDF-1 vs. 30 mmol/l glucose+SDF-1+AMD3100, 30 mmol/l glucose vs. 30 mmol/l glucose+AMD3100. (D) Number of transmembrane cells induced by SDF-1. ^\*\*^P\<0.01. DMEM, Dulbecco\'s modified Eagle\'s medium; SDF-1, stromal cell-derived factor 1; ns, not significant.](IJMM-44-03-0927-g05){#f6-ijmm-44-03-0927}

![Effect of high glucose on the secretion of SDF-1 of circulating fibrocytes. The concentration of SDF-1 in three different time point. Pairwise comparisons between groups at different time points after intervention of two glucose concentration Dulbecco\'s modified Eagle\'s medium. Ns, not significant; SDF, stromal cell-derived factor 1.](IJMM-44-03-0927-g06){#f7-ijmm-44-03-0927}

###### 

Basic information of T2DM and NGTs.

  Group     n    Age (year)   Male/female   BMI          HbA1c       Fasting blood glucose
  --------- ---- ------------ ------------- ------------ ----------- -----------------------
  NGTs      15   70.33±5.22   11/4          23.77±3.54   5.27±0.49   5.41±0.66
  T~2~DM    15   72.67±6.88   13/2          26.58±4.93   7.78±0.53   7.34±0.71
  P-value        \>0.05                     \<0.01       \<0.01      \<0.01

T2DM, type 2 diabetes; NGT, normal glucose tolerance; BMI, body mass index.
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